The toxicity of polycyclic aromatic hydrocarbons (PHAs) is known to be enhanced by light via photosensitization reactions (production of active oxygen) and photomodi5cation of the chemicals (e.g., oxidation) to more toxic compounds. Anthracene (ANT) toxicity in particular has been found to increase dramatically following photomodi5cation. The objective of this study was to identify the photooxidation products of ANT and assess the toxicity of selected photoproducts. High performance liquid chromatography (HPLC) analysis of anthracene photooxidation revealed a complex array of oxidation products; prevalent among these were anthraquinone (ATQ) and hydroxy-anthraquinones (hATQs). Eleven of these compounds were tested for toxicity using growth inhibition of the duckweed Lemna gibba L. G-3. All but one of the compounds tested were found to be toxic, and when UV radiation was present in the light source toxicity was generally enhanced. The chemicals were also irradiated under SSR prior to toxicity testing. In about half the cases, the ATQ compounds were rapidly photooxidized and the resultant photoproducts were more toxic than the parent compounds. Interestingly, 2-hydroxyanthraquinone, which was not subject to photooxidation, was the most toxic of the compounds tested. As a light stable compound it presents the risk of a persistent environmental hazard.
INTRODUCTION
The aquatic environment is a site of high photochemical activity, particularly in shallow waters. Irradiation of chromophores in the presence of oxygen can result in the production of biologically damaging active oxygen species (Larson and Barenbaum, 1988; Foote, 1991) . If the chromophore is within an organism, the resultant active oxygen can cause biological damage (Halliwell and Gutteridge, 1985; Larson and Barenbaum, 1988) . Other light-absorbing molecules are subject to photomodi"cation (photooxidation and photolysis), with the photolytic products having di!erent biological activities than the parent compounds (Larson and Barenbaum, 1988) . Polycyclic aromatic hydrocarbons (PAHs) are one of the best examples of a group of photoactive environmental contaminants (Cook et al., 1983; Newsted and Giesy, 1987; Hall and Oris, 1991; Huang et al., 1993 Huang et al., , 1997b Mekenyan et al., 1994; Arfsten et al., 1996; Krylov et al., 1997) . By virtue of their large, highly conjugated -orbital systems, PAHs, strongly absorb in the UV spectral region of natural sunlight. Upon absorbing a photon, PAHs reach excited triplet states with high quantum yields. This can lead to the photosensitized production of biologically damaging singlet state oxygen (O ) (Newsted and Giesy, 1987; Hall and Oris, 1991; Huang et al., 1993; Mekenyan et al., 1994; Arfsten et al., 1996; Krylov et al., 1997; Huang et al., 1997a) . Absorbance of a photon by a PAH can lead to rapid photomodi"cation (generally by oxidation) to new chemical species (Katz et al., 1979; Huang et al., 1993 Huang et al., , 1995 Huang et al., , 1997a Krylov et al., 1997; McConkey et al., 1997) . In many instances, it was found photomodi"ed PAHs to be more toxic than the parent PAHs (Huang et al., 1995 (Huang et al., , 1997b Krylov et al., 1997; McConkey et al., 1997) , most likely due to a combination of increased solubility, bioavailability, and reactivity McConkey et al., 1997; Huang et al., 1997a, b) .
Photomodi"cation of any given PAH leads to a wide variety of products (Katz et al., 1979; Ne!, 1979; Huang et al., 1997a; McConkey et al., 1997) . Since the mixtures of photoproducts are often more toxic than the intact starting material (Huang et al., 1995 (Huang et al., , 1997b Krylov et al., 1997; McConkey et al., 1997) , it is important to determine which photoproducts in the mixture are making the most signi"cant contributions to toxicity. It was recently demonstrated that phenanthrenequinone, the major photoproduct of phenanthrene, is more toxic to¸emna gibba and Photobacterium phosphoreum than phenanthrene (McConkey et al., 1997) . It was further determined in that study that the increased toxicity of phenanthrene following its photomodi"cation was explained almost entirely by the presence of phenanthrenequinone. Phenanthrene represents a fairly simple example, since phenanthrenequinone is its only abundant photomodi"cation product (McConkey et al., 1997) . Commonly, PAH photomodi"cation results in complex mixtures of products (Katz et al., 1979; Duxbury et al., 1997; Huang et al., 1997a) with potentially variable levels of biological activity. The work reported here attempts to explore a more complex case than phenanthrene.
Anthracene (ANT) consistently has been found to be one of the most toxic PAHs following photomodi"cation (Huang et al., 1993 (Huang et al., , 1995 (Huang et al., , 1997a . ANT photomodi"cation results in the formation of a complex mixture of more than 20 products, including anthraquinones (ATQs), hydroxyanthraquinones (hATQs), benzoic acids, and phenols (Katz et al., 1979; Huang et al., 1997a) . It is not known which of these photoproducts are contributing to the high toxicity of photomodi"ed ANT. To begin to assess the toxicity of speci"c ANT photooxidation products the toxicity of ATQ and 11 di!erent hATQs was compared to ANT. The compounds chosen were either found in the mixture of compounds derived from ANT photooxidation or are structurally related to one or more of those compounds. Toxicity was measured as growth inhibition using the duckweed¸. gibba.¸. gibba was chosen for this study because it has been used extensively for photoinduced toxicity of PAHs. Moreover, it is an accepted standard test of toxicity and an environmentally relevant plant species (American Society for Testing and Materials, 1991) . Growth inhibition was determined under photosynthetically active radiation (PAR) and simulated solar radiation (SSR) to assess whether toxicity was photoinduced in a manner similar to that of ANT. ATQ and about half the hATQs tested were found to have toxic activities similar to or greater than that of ANT.
MATERIALS AND METHODS

Chemicals, Chemical Analysis, and Photomodixcation of Chemicals
The chemicals used in this study were (abbreviations used throughout the text follow the name, common names are also provided): anthracene (ANT) anthraquinone (ATQ), 1-hydroxyATQ (1-hATQ), 2-hydroxyATQ (2-hATQ), 1,2-dihydroxyATQ (1,2-dhATQ; alizarin), 1,3-dihydroxyATQ (1,3-dhATQ), 1,4-dihydroxyATQ (1,4-dhATQ; quinizarin), 1,5-dihydroxyATQ (1,5-dhATQ; anthraru"n), 1,8-dihydroxyATQ (1,8-dhATQ), 2,6-dihydroxyATQ (2,6-dhATQ; anthra#avic acid), 1,2,4-trihydroxyATQ (1,2,4-thATQ; purpurin), 1, 2, 5, 2, 5, quinalizarin) , 1,2,10-trihydroxyANT (1,2,10-thANT; anthrarobin). The structure of these chemicals and their absorption spectra are given in Fig. 1 . Chemicals were purchased in high purity (Sigma Chemical Co., St. Louis, MO, and Aldrich, Milwaukee, WI), except for 1-hATQ, 2-hATQ, and 1,3-dhATQ, which were synthesized by established procedures in this laboratory (Wang and Snieckus, 1990) . Highperformance liquid chromatography (HPLC, Shimadzu, Inc., Columbia, MD) was used to con"rm the purity of all compounds (Huang et al., 1997; McConkey et al., 1997) . Either a Supelco LC-18 column (25;4.6 cm ID, 5-m particles, Supelco, Mississauga, ON) or a Phenomenex Envirosep-PP column (125;3.20 mm i.d., 120-m particles, Phenomenex, Torrance, CA) was used. Samples of 400 l (2 mg ml\ in DMSO) were applied to the column with an autoinjector and separation was carried out with a water (pH 3, adjusted with phosphoric acid) and acetonitrile gradient. HPLC grade solvents were used (VWR/Canlab, Toronto, ON). The acetonitrile}water gradients was isocratic at 1% acetonitrile for 2 min, increased linearly to 90% acetonitrile over 32 min, and isocratic at 90% acetonirtile for 20 min. The #ow rate used was generally 1 ml/min, although 0.5 ml/min was used when greater peak resolution was required. The compounds were detected with a diode array detector (Shimadzu, Inc.) linked to a computer running Shimadzu EZ-Chrome software.
To examine the photomodi"cation reactions of ANT, ATQ, and the hATQs, the chemicals were delivered in DMSO by 1000-fold dilution to 10 ml of¸. gibba growth medium to a "nal concentration of 5 g ml\ and exposed to SSR (Huang et al., 1993 (Huang et al., , 1997a . At various time points, 400 l of the aqueous photochemical reaction mixture was removed for HPLC analysis. The kinetics of photomodi"cation and product pro"les for ANT, ATQ, and the hATQs were determined by HPLC using the method described above. Photomodi"cation products were identi"ed by comparison to authentic materials based on coincident HPLC retention time and matching diode array absorbance spectra using the library function of the HPLC software (Shimadzu, Inc).
Light Conditions, Plant Growth, and Toxicity Assessment
Prior to toxicity testing,¸. gibba L. G-3 was transferred from sucrose-containing growth medium to sucrose-free growth medium and cultured aseptically for 2 weeks in a controlled environment chamber under 60 mol m\ s\ of continuous PAR (cool-white #uorescent, 400 to 700 nm) generated with cool-white #uorescent lamps (American Society for Testing and Materials, 1995; Huang et al., 1993 Huang et al., , 1995 . The irradiation sources for plant growth during chemical treatments were either PAR (100 mol m\ s\) or SSR (100 mol m\ s\). The spectral output of the SSR source following passage through a polystyrene petri dish top (polystyrene petri dish top absorb UV-C exposure) covering the plants had a PAR : UV-A : UV-B ratio of 100 : 10 : 1, based on number of photons. Construction of the SSR source is described in detail elsewhere (Huang et al., 1993; American Society for Testing and Mateirals, 1995) . The spectral outputs ( Fig. 2 ) and integrated #uence rates of the light sources were measured with a calibrated spectroradiometer (Huang et al., 1995; American Society for Testing and Mateirals, 1995) . The spectral output of the SSR source has a UV to PAR ratio parallel to that of sunlight from mid spring to mid fall in latitudes corresponding to southern Canada and northern United States (Henderson, 1977; American Society for Testing and Mateirals, 1995) .
Plants were placed on 10 ml of fresh half-strength Hunter's medium in a 5-cm polystyrene petri dish. Chemicals were delivered to the growth medium by 1000-fold dilution of DMSO stock solutions to "nal concentration ranging from 0.01 to 10 g ml\ in a logarithmic dilution series. A DMSO (0.1% v/v) solvent control sample was performed for each experiment. This concentration of DMSO has no impact on¸. gibba growth or PAH toxicity tests, and it does not a!ect net uptake of intact or modi"ed PAHs by¸. gibba (Greenberg et al., 1992; Huang et al., 1993; Duxbury et al., 1997) . A 10 g ml\ upper limit for the toxicity allowed full dose response to be observed, and it is environmentally relevant for the the hATQs, which are much more water soluble than ANT. The accuracy of chemical delivery and PAH concentrations in the media were determined by HPLC analysis as above. The media}chem-ical mixture was replenished by static renewal every 48 h to keep the chemical concentration and nutrient levels constant. Toxicity of chemicals was assessed based on growth inhibition (American Society for Testing and Mateirals, 1991; Greenberg et al., 1992; Huang et al., 1993) . Toxicity tests started with two plant colonies per treatment replicate (8 leaves); growth was monitored over an 8-day period by counting leaves and converting the data to instantaneous growth rates. It was consistently found that counting leaves is a highly reliable and representative method of assessing PAH toxicity to¸. gibba (Greenberg et al., 1992; Huang et al., 1997) . The control plants doubled about every 48 h under both of the light conditions used in this study. Toxicity data were "t to the sigmoidal function all EC s using the data from three independent experiments.
For toxicity tests of photomodi"ed PAHs, intact ANT, ATQ, and the hATQs were delivered in DMSO to growth medium to "nal concentration ranging from 0.01 to 10 g ml\. They were incubated in SSR for 7 days; after about 4 days the mixture stabilized as a composite of benzoic acids, thus a 7 days exposure ensured photomodi"cation to a mixture that would not change during a toxicity test. In the case of the non-photomodi"-able hATQs, there were no changes to the chemical over this 7-day period. The control plants were also exposed to medium containing 0.1% DMSO that was preincubated for 7 days under SSR. Toxicity data were "t to a sigmoidal function and standard errors were calculated as above.
RESULTS
Photomodixcation of ANT and Identixcation of Products by HPLC
When ANT is exposed to light, it is rapidly photooxidized to complex mixtures of products that are more toxic than the parent compound (Huang et al., 1993 (Huang et al., , 1995 (Huang et al., , 1997 . Most of the photoproducts have not been identi"ed. To identify these photooxidation products, ANT was photomodi"ed under SSR for 9 h and HPLC analysis was performed (Fig. 3) . A large number of products were observed; more than 25 peaks could be resolved by HPLC. A similar product pro"le was observed when ANT was exposed to UVB only (data not provided). When anthracene was left in the dark for the same length of time, no oxidation of ANT was observed and the compound was quantitatively recovered (data not provided). Thus, the observed peaks were attributable to photomodi"cation of the parent compound. The identi"ed photoproducts were ATQ, 1-hATQ, 2-hATQ, 1,2-dhATQ, 1,4-dhATQ, 1,5-dhATQ, 1,8-dhATQ, 2,6-dhATQ, phthalic acid, salicyclic acid, and benzoic acid. Unidenti"ed peaks in Fig. 3 with retention times of 20 to 30 min were also assumed to be hydroxyATQs, but these compounds were not successfully identi"ed.
Photomodixcation of ATQ and Hydroxylated ATQs
Because ATQ and hATQs were prevalent products of ANT photooxidation, we chose this class of compounds for assessment of toxicological impacts on¸. gibba. Eight of the compounds selected for testing (Fig. 1) were positively identi"ed as ANT photoproducts (Fig. 3) , and the others are structurally related to those identi"ed. The latter were chosen for two reasons; to give a larger sampling of compounds for future QSAR modeling, and because under varied environmental conditions other photoproducts could form. First, the rates of photomodi"cation of these compounds (ATQ and the 11 selected hydroxyATQs) were measured in SSR (10 mol m\ s\). The HPLC traces for the photooxidation reactions of two typical hydroxyATQs (1,2-dhATQ and 1,8-dhATQ) are presented in Fig. 4 . 1,8-dhATQ, was found to be stable in SSR, while 1,2-dhATQ, was rapidly photooxidized to various benzoic acids (Fig. 4) . These benzoic acid derivatives are similar to those formed from photooxidation of ANT (cf. Figs. 3 and 4) . No photooxidation was observed for 1-hATQ, 2-hATQ, 1,5-dhATQ, 1,8-dhATQ, 2,6-dhATQ, or 1,4,8-thATQ. The compounds found to be subject to photooxidation, in addition to ANT and 1,2-dhATQ, were ATQ, 1,3-dhATQ, 1,4-dhATQ, 1,2,4-thATQ, and 1,2,10-thANT. They had half-lives in SSR ranging from 1.8 to 7.3 h (Table 1) .
3. HPLC analysis of anthracene photomodi"cation. Anthracene was delivered in DMSO to the growth medium to a "nal concentration of 5 g ml\ and exposed to SSR for 9 h. Compounds identi"ed are anthracene (peak 12), anthraquinone (peak 7), 1-hATQ (peak 8), 2-hATQ (peak 6), 1,2-dhATQ (peak 5), 1,4-dhATQ (peak 10), 1,5-dhATQ (peak 11), 1,8-dhATQ (peak 9), 2,6-dhATQ (peak 4), phthalic acid (peak 1), salicylic acid (peak 2), and benzoic acid (peak 3). Based on retention times and searches of the diode array absorbance spectra library, other peaks with retention times between 13 and 18 min were tentatively identi"ed as hydroxylated derivatives of benzoic acid, and other peaks between 20 and 30 min were probably hydroxylated ATQs.
Toxicity of ANT, ATQ, and the hATQs to L. gibba
Photoinduced toxicity to¸. gibba as probed for ANT, ATQ, and the 11 hATQs (Table 1 and Fig. 5 ). The products chosen for testing were either identi"ed in the mixture of photoproducts derived from ANT or highly related to those products. Other photooxidation products, such as the benzoic acids, are being tested in the scope of another study. The compounds were applied to¸. gibba in intact form at several concentrations, and growth was measured in SSR and PAR. ANT and 11 of the oxygenated ANTs were found to be toxic. The most toxic of the modi"ed ANTs was 2-hATQ (EC "0.05 g ml\ in SSR, Table 1 ). Several of the modi"ed ANTs had toxicities at a level similar to ANT (an EC within a factor of 3). The rest were substantially less toxic than ANT. The only compound found to have toxic activity in SSR or PAR was 2,6-dhATQ.
In most cases, the compounds tested were more toxic in SSR than PAR (Table 1 and Fig. 5 ). For example, with the chemicals at 2 mg liter\, comparing plant performance in PAR and SSR, growth inhibition was 78 and 97% for ATQ, 8 and 42% for 1,2-dhATQ, and 5 and 17% for 1,5-dhATQ. Moreover, in most cases the EC s for growth inhibition were signi"cantly lower in SSR relative to PAR (Table 1 ). The only chemicals that did not indicate any increase in toxicity in SSR compared to PAR were 1,5-dhATQ and 1,2,10-thATQ. Interestingly, 2,6-dhATQ which had no impact under SSR, actually promoted leaf production in PAR (Fig. 5) . Because all the chemicals absorb UV radiation more strongly than PAR, and SSR contains UV radiation, this implies that the ANT derivatives that have elevated toxicity in SSR are phototoxic.
Toxicity of Photomodixed ANT Derivatives to Plants
Because ANT toxicity increases upon photomodi"cation (Huang et al., 1993 (Huang et al., , 1995 Krylov et al., 1997) , it was important to test whether the toxicity of the oxygenated ANT also increased after pretreatment in SSR. For each chemical that was found to be photomodi"ed (ANT, ATQ, 1,2-dhATQ, 1,4-dhATQ, 1,2,4-thATQ, 1,2,10-thANT), the photomodi-"ed chemicals were more toxic than the non-pretreated chemicals (Table 1 and Fig. 5 ). Since mixtures of benzoic acid derivatives are generated upon photomodi"cation of these chemicals, it implies such mixtures are somewhat toxic. The hANTs that were not subject to photomodi"cation were also tested for toxicity following pretreatment in SSR (1-hATQ, 2-hATQ, 1,3-dhATQ, 1,5-dhATQ, 1,8-dhATQ, 2,6-dhATQ, 1,2,5,8-thATQ). In general, these compounds did not exhibit a signi"cant increase in toxicity 208 FIG. 4 . HPLC analysis of intact and photomodi"ed hATQs. HPLC traces of 1,2-dhATQ and 1,8-dhATQ exposed to darkness or SSR for 7 days. The peaks with retention times of 10 to 20 min were identi"ed as phthalic acid, salicylic acid, and benzoic acid products as in Fig. 3. following pretreatment in SSR. Two exceptions were 2-hATQ and 1,8-dhATQ; they were not photomodi"ed in SSR but increased the toxicity when applied to the plant after pretreatment in SSR. Higher toxicity of these two compounds following exposure of SSR may be due photogeneration of stable active oxygen species such as hydrogen peroxide.
DISCUSSION
Based on this study and previous work (Huang et al., 1993 (Huang et al., , 1995 (Huang et al., , 1997b Krylov et al., 1997; McConkey et al., 1997) , it is clear that a signi"cant part of photoinduced toxicity of PAHs can be attributed to the photomodi"cation products. Application of di!erent light conditions demonstrates that the toxicity of the photoproducts of ANT can also be photoinduced. This is in contrast to the major photoproduct of phenanthrene, phenanthrenequinone, which is more toxic than phenanthrene but its toxicity is not greatly photoinduced (McConkey et al., 1997) . Certain ANT photoproducts are themselves subject to photooxidation, with a concomitant increase in toxicity. Conversely, some of the photoproducts of ANT (2-hATQ), while not readily photooxidized, are nonetheless phototoxic, indicating photosensitization activity.
Upon exposure to UV light, ANT is rapidly photooxidized to a mixture of photoproducts that are more toxic than the parent compound (Huang et al., 1993 (Huang et al., , 1997a . The "rst primary product, ATQ, is subject to further modi"-cation resulting in the production of several hATQs and benzoic acids (Fig. 3) . Of the ATQ and hATQs tested, ATQ, 1,2-dhATQ, 1,3-dhATQ, 1,4-dhATQ, 1,2,4-thATQ, and 1,2,10-thANT are subject to photomodi"cation, while the other hATQs are light stable. HPLC analysis of the photomodi"cation products revealed that similar mixtures of benzoic acids are generated when ATQ and hATQs are photomodi"ed. It is unclear at this time why certain hATQs are photostable.
Because the ANT photooxidation products are more water soluble than ANT, their concentrations in the water column could be higher, resulting in increased bioavailability. Furthermore, these oxygenated ANTs are still su$-ciently lipophilic to partition into biological membranes . This combination of good bioavailability and high bioconcentration potential indicate that photomodi"ed ANTs present a real risk when they are present in the environment. The extent of this risk is currently unknown, however, because ANT photoproducts have never been included in environmental surveillance programs.
The EC s for the ANT photoproducts ranged from 0.05 to '10 g ml\ (Table 1) . 2,6-dhATQ was the least toxic, with no observable e!ect in SSR and actually accelerating growth in PAR. In contrast, 2-hATQ was the most toxic TOXICITY OF SPECIFIC ANTHRACENE PHOTOMODIFICATION PRODUCTS (EC "0.05 g ml\ in SSR and EC "0.2 g ml\ in PAR). Interestingly, since both 2,6-dhATQ, and 2-hATQ are photostable compounds, they will not be sources of toxic photoproducts. This explains, 2,6-dhATQ's lack of toxic activity. 2-hATQ, however, is toxic in PAR (where it has almost no absorbance) and has enhanced toxicity in SSR (where it absorbs UV strongly). This suggests that it can have negative interactions via direct biological receptors, and via photosensitization generating singlet oxygen. Interestingly, when 2-hATQ was pretreated in SSR before toxicity testing, its toxicity increased modestly. It is possible that in in the plant growth medium 2-hATQ can photochemically generate active oxygen leading to kinetically stable toxic oxygen species such as hydrogen peroxide (Halliwell and Gutteridge, 1985; Foote, 1991) . When the plants are subsequently added, toxicity would be due to the combined e!ects of 2-hATQ and hydrogen peroxide.
It is suggested that the combination of high toxicity and photostability of 2-hATQ has great environmental rami"cations. First, 2-hATQ is prevalent photoproduct with detectable concentration that forms when ANT is exposed to SSR (Fig. 3) . Therefore, it is likely to be generated in environmental samples wherever ANT and sunlight coexist. Second, it is both stable and toxic, and its toxicity does not require further photoactivation. As such, it will be persistent and would present a risk in any environmental compartment to which it partitions. Thus, it is believed that comprehensive PAH load assessments should now include 2-hATQ as an indicator of the presence of hazardous PAH photooxidation products.
The photooxidation of all the photomodi"able hATQs resulted in dominant production of phthalic acid, salicylic acid, benzoic acid, and several other phenol and benzoic acid derivatives. The half-lives of the chemicals ranged from 1.8 to 7.3 h ( Table 1 ), rates that are rapid enough for the photoproducts to contribute to toxicity in an 8-day toxicity test with 2 days of static renewal. As well, the half-lives are short enough to be environmentally relevant. Thus, many of hATQs may be altered chemically in the environment, and the products are apparently hazardous. Since the benzoic acid mixtures exhibited moderate to high toxicity, it implies that complex mixtures of the one-ring aromatics can have high toxic activity (EC s of 1.5 to 9 mg liter\ for mixtures derived from the hATQs and 0.2 mg liter\ for those derived from ANT and ATQ). Interestingly, the benzoic acids individually are generally less toxic than in the mixtures found in this study (Pierce et al., 1980; Hobson et al., 1984) . Probably ANT and ATQ are more toxic after photomodi"-cation than the hATQs, because they can form 2-hATQ upon photomodi"cation, while 2-hATQ cannot be derived from the other hATQs. Furthermore, PAHs photomodi"ed in the environment will certainly exist as complex mixtures. This indicates that toxicities of relevant mixtures should be examined in detail For ATQ and the hATQs that are subject to photomodi"cation, toxicity increased following photomodi"cation. The impacts of these chemicals in SSR will be, to some 210 FIG. 5. Photoinduced toxicity of ANT, ATQ, and hATQs applied to¸. gibba in intact and photomodi"ed (PM) form. Growth was monitored by counting leaves and toxicity is presented as percentage inhibition of growth relative to the control plants. Toxicity tests were performed in PAR and SSR. All chemicals were at 2 mg ml\ based on amount of the parent compound.
degree, dependent on the rate of photomodi"cation and the composition of the mixture of photoproducts. Nonetheless, many of the chemicals had signi"cant toxic impact in PAR, where photomodi"cation is much slower. This implies that the chemicals have a direct negative physiological impact on the plants just as 2-hATQ does. Indeed it was found that photomodi"ed ANT directly inhibits photosynthesis (Huang et al., 1997a) , and more recent work has indicated that some of the compounds under investigation here are direct inhibitors of photosynthetic electron transport (Mallakin, Babu, Marder, and Greenberg, unpublished observations) . Thus, the mechanism of toxicity of these compounds is likely to be multifaceted, with perhaps di!erent mechanisms dominating, depending on the speci"c environmental conditions and the extent of photomodi"cation.
In addition to the ANT photoproducts revealing direct toxic activity in PAR, their toxicity also could have a photoinduced component in PAR (Newsted and Giesy, 1987; Larson and Barenbaum, 1988; Huang et al., 1997b; Krylov et al., 1997; Morgan et al., 1997) . Most of the compounds absorb in the long wavelength UV and short wavelength visible regions (370}450 nm) (Fig. 1) , and these spectral regions are in the PAR source (Fig. 2) . However, the absorbance by the chemicals in these regions is lower than in shorter wavelength UV, so the frequency of photochemical events will be lower in PAR and SSR. Moreover, many of the ATQs have an excited state transition corresponding to absorbance peaks at about 400 nm. This would be the "rst excited state, S (see Fig. 1 ). There is another transition corresponding to peaks at about 300 nm. This is a higher excited state, S . Thus, the chemical would reach a higher excited state in SSR relative to PAR, and this is also consistent with the greater toxicity observed in SSR.
The di!erences in toxicity of the oxygenated ANTs will be dependent on the hydroxy substitution pattern. For instance, the molecules with rotational symmetry (2,6-dhATQ and 1,5-dhATQ) were less toxic than the compounds with mirror symmetry (1, or no symmetry (e.g., 2-hATQ and 1,3-dhATQ). Clearly, it would be a valuable exercise to build a detailed model relating the structural features of oxygenated ANTs to their toxic strength. This would not only provide a better explanation of why various hATQs are hazardous, but might also allow prediction of toxicity of other PAH photooxidation products. A powerful method for describing the detailed structures of organics is computational modeling of the molecules. Mezey (1995) has demonstrated that detailed electron shape density maps can be built by computer techniques and that these provide an accurate description of the shape of the electron cloud (the reactive part of organic molecules) in large mathematical ways. Computer analysis is then used to determine which shape features correlate with a given property of a group of molecules. Indeed in the case of 16 intact PAHs, detailed electron density shape maps were constructed to accurately describe the photoinduced toxicity of these PAHs (Mezey et al., 1996) . Shape analysis is now being performed for oxygenated ANTs.
This study, taken with a previous work on phenanthrene/ phenanthrenequinone toxicity (McConkey et al., 1997) , clearly demonstrates that photomodi"ed PAHs are hazardous. Speci"c photoproducts can now be identi"ed which are more toxic than the parent PAHs. Moreover, the relative stabilities of 2-hATQ (Table 1) and phenanthrenequinone (McConkey et al., 1997) indicate that these compounds will be generated and persist wherever PAHs and sunlight are present. It is suggested that environmental load studies on PAHs should now include oxygenated PAHs.
CONCLUSIONS
Anthracene photooxidation revealed a complex array of oxidation products. Several of these compounds were identi"ed. Prevalent among the ANT photooxidation products TOXICITY OF SPECIFIC ANTHRACENE PHOTOMODIFICATION PRODUCTS were ATQ and hATQs. Eleven of these compounds were tested for toxicity using growth inhibition of the duckweeḑ . gibba L. G-3. All but one of the compounds tested were found to be toxic. When UV radiation was present in the light source, toxicity was generally enhanced, indicating that the ANT photoproducts are phototoxic. The chemicals were also irradiated under SSR prior to toxicity testing. In about half the cases, the ATQ compounds were rapidly photooxidized and the resultant photoproducts were more toxic than the parent compounds. Interestingly, 2-hATQ, which was not subject to photooxidation, was the most toxic of the compounds tested. As a light stable compound it presents the risk of a persistent environmental hazard.
